Abstract
INTRODUcTION
In most forests, growth rates vary markedly from tree to tree, and this variation strongly influences forest stand development (Coomes and Allen 2007; Rapp et al. 2012; Stephenson et al. 2014) . Understanding the controls over growth variation is critical for forecasting forest dynamics Clark and Clark 1999) , assessing community organization (Fraver et al. 2013 ) and evaluating forest carbon storage (Purves and Pacala 2008) . Numerous studies have shown a relationship between the drivers of tree growth and forest dynamics (e.g. Canham et al. 2006; Clark and Clark 1999) , community composition and carbon storage (Berner et al. 2011) . Exploring how tree growth responds to biotic and abiotic factors will provide important insights into how species differ in their life-history strategies in terms of resource acquisition, defense against natural enemies, and allocation to reproduction (Chi et al., 2015; Rüger et al. 2011) .While factors such as tree size, neighborhood competition and environmental variables, have been proposed to be important in explaining patterns of tree growth, their relative contributions are still not well understood Papaik and Canham 2006) .
Tree size is widely believed to be one of the most important factors influencing tree growth (Weiner and Damgaard 2006) . While some studies show that growth rate is constant as tree size increases (e.g. Coomes and Allen 2007; Russo et al. 2007) , others have found that tree growth can often correlate positively with size (reflecting a size advantage accruing to bigger trees) but will decrease with age after peak growth has been attained (see the concept of 'maximum potential growth' noted by Canham et al. 2004) . Stephenson et al. (2014) presented a global analysis showing that lager trees had higher growth rates than smaller trees. In a comprehensive review across 10 tropical forests, Muller-Landau et al. (2006) found the relationship between growth rate and tree size varied among different forests. But, there are other examples where the relationship of tree growth to tree size seems more straightforward. Clark and Clark (1992) based a model of sapling growth of six non-pioneer tree species in a primary tropical wet forest on finding that growth rate increased with juvenile size class. Pacala et al. (1996) developed a forest model that used a constant area increment model of large tree growth to forecast population dynamics. Enquist et al. (1999) developed a general model that stem diameter growth scaled as the one-third power of stem diameter throughout the life of the tree. Together these field studies and models create a rather inconsistent picture of the relation of tree size to tree growth and its effect on forest dynamics.
Tree growth varies significantly among different forest stand because of site conditions, such as irradiance, soil fertility and topography (Baribault et al. 2012) . Especially with regard to understory trees, light limitation has been found to be a major contributor to variation of tree growth among species (Rüger et al. 2011) . In the tropics, Holste et al. (2011) found growth of seedlings was correlated with both irradiance and soil nutrients. Growth also varies among tree species along resource gradients in forests (Heineman et al. 2011) . Some studies showed that trees in a resource-rich region grew faster than those in a resource limited region (Tanner et al. 1998; Baker et al. 2003) . In a lowland mixed dipterocarp forest of Malaysia, growth rate of trees of all species was lower on the most resource-poor soil (sandy loam), compared with richer soil types (Russo et al. 2005) . Bellingham and Tanner (2000) found a linear increase in growth rate with increasing soil pH where mean pH ranged from 3.7 to 5.0 in a Jamaican montane forest. Topographically, tree growth has been found to decrease as elevation increases (Coomes and Allen 2007) . Thus, it is essential to consider both soil and topographical factors when assessing the relative influence of various drivers of tree growth.
Besides abiotic factors listed above, competition from neighboring trees can be an important biotic factor limiting tree growth. Neighborhood analyses generally showed that large, near neighbors exerted higher competitive stress than small, distant neighbors (e.g. D' Amato and Puettmann 2004; Weiner et al. 2009 ). Numerous studies have proposed that asymmetric competition was an important process shaping tree growth in forests Stoll and Newbery 2005) . Both conspecific and heterospecific neighbors may reduce tree growth, so it was necessary to consider the effects of intraand interspecific competition (D'Amato and Puettmann 2004; Stoll and Newbery 2005) .
Shade tolerance, defined by the ability of trees to survive under a well-shaded canopy, involves a trade-off between growth and survival. Shade tolerance is often proposed as a primary mechanism underpinning the dynamics of trees and forest succession in forest communities. Shade-tolerant species are less sensitive to shading by their neighbors, and because they can allocate resources to defense vs. growth, they are less susceptible to enemy attacks than light-demanding species (Kunstler et al. 2009 ). Some studies have found that shade-tolerant species tend to maximize survival and hence net growth (Walters and Reich 1999) . The relative growth rate of small trees is significantly less than that of large trees because of the competitive limitation due to shading (Potvin and Dutilleul 2009) , leading to heterogeneous size structure of the forest. Therefore, shade tolerance of trees should be a key trait in determining trees' reactions of the local biotic neighborhood (McCarthy-Neumann and Kobe 2008) .
While each of these factors has been found to influence tree growth and shape forest dynamics, few studies have tested their relative importance. Our study examined the influences of tree size, neighborhood competition, three topographic and eight soil factors on tree growth in an oldgrowth temperate forest in northeast China. Two specific questions were addressed: (i) what were the relative contributions of tree size, neighborhood and environmental conditions to tree growth and (ii) How did the factors influencing tree growth varied in the community, guild (three guild categories are included in our study: shade-tolerance guilds, size class guilds and abundance guilds, Wang et al. 2012 ) and species level? These questions were evaluated using the data from multiple censuses of a 25 ha temperate forest plot in northeast China.
MATERIALS AND METHODS

Study area
The study area is located on the northern slope of the Changbaishan (CBS) National Nature Reserve (41°43′-42°26′N, 127°42′-128°17′E), which was established in 1960 and became part of the World Biosphere Reserve Network in 1980; the area of the reserve is ~200 000 ha. The climate of the region is mid-latitude monsoonal with warm, rainy summers and long cold winters.
Our study site belongs to the broad-leaved Korean pine (Pinus koraiensis) mixed forest, which is the dominant vegetation type of this region. From 1982 to 2003, the mean annual temperature was 3.3°C, varying from a mean of −15.6°C in January to 19.7°C in July. Mean annual precipitation is 700 mm, falling predominantly from June to August. The weather data were obtained from a meteorological station located at an elevation of 738 m.
Following the field protocol of the Center for Tropical Forest Science of the Smithsonian Institution, a 25 ha (500 × 500 m) forest permanent plot was established in 2004 in the CBS National Nature Reserve. The plot is divided into 625, 20 × 20 m quadrats, with each quadrat subdivided into sixteen 5 × 5 m sub-quadrats. All free-standing individuals with diameters at breast height (DBH) ≥1 cm were tagged, mapped and identified to species. The mean elevation of the plot is 801.5 m, ranging from 791.8 m to 809.5 m. The age of canopy trees is ~300 years. The first CBS plot census started in July 2004 and ended in September 2004, and the second census was carried out between July and August in 2009. The status of trees, as live or dead, was recorded in the second census. There are 52 species, belonging to 32 genera and 18 families, containing most of the species of the broad-leaved Korean pine forest.
Neighborhood competition factors
We calculated the sum of the basal area of conspecific and all adults within 20 m of the focal tree, divided by the distance of each individual from the focal tree (Canham et al. 2004) .We chose 20 m because Wang et al. (2010) found the interactions of tree species disappeared beyond 20 m in our plot. To avoid edge effects, we excluded all target trees within 20 m of the edge of the plot from the analyses.
Environmental factors
We defined a tree's environmental factors in terms of three topographic and eight soil properties. Soils were sampled on a 30 m grid within the plot. At each grid point, two additional sample points at 2, 5 or 15 m were selected in a random compass direction from the grid point. In total, 967 soil samples were taken in the 25 ha plot (Yuan et al. 2011) . At each sample point, 500 g of topsoil (0-10 cm depth) was collected and eight soil properties (pH, organic matter, available N, available P, available K, total N, total P and total K) were analyzed according to Lu (1999) . Using standard geostatistical kriging, we estimated values for the eight soil properties for each of our 5 × 5 m quadrats. In order to reduce the number of variables and multi-collinearity, and potentially identify complex gradients, we conducted principal component analysis (PCA) on the soil variables.
Topography included three factors: elevation, slope and aspect. Elevation was measured at the four corners of a 20 × 20 m grid in the 25 ha plot. We used kriging to interpolate the elevation of the 5 × 5 m grids. Slope, aspect and elevation were calculated for each sub-quadrat. Slope was defined as the average slope of the entire quadrat. Aspect referred to the direction in which slope faced. Elevation was defined as the mean elevation of the four corners (Bai et al. 2012) .
Data analysis
We modeled individual tree growth during the 5-year census interval as a function of tree size, neighborhood competition, the PCA of the soil factors and topographic variables using linear mixed-effects model (LMM). In our models, subplot was included as a random effect to account for spatial autocorrelation (SAC) in growth of trees located within the same subplot, and species was included as a random effect to account for variation among species in growth. To assess the structure of SAC in the data, we calculated Moran's I values of LMM model residuals. If LMM models residuals had strong SAC, we adopted a residual autocovariate (RAC) model (Crase et al. 2012) to calculate a RAC layer for the LMM model. This RAC layer was then used as a predictor in the corresponding LMM model to eliminate the influence of SAC and substantially improved model predictive performance. However, it should be emphasized that SAC means that neighboring trees share similar abiotic and biotic conditions, and so it is difficult to clearly quantify these conditions. More sophisticated methods are required to further measure and correct for the effects of SAC.
We assigned each individual tree the environmental factors of the 5 × 5 m quadrat where it was located. All neighborhood competition and environmental variables, as well as log-transformed tree size (DBH), were used as fixed effects. The values of each variable were standardized by subtracting the mean value of the variable (across all individuals in the analysis) and dividing by the standard deviation. This allows for a direct comparison of their relative importance (Gelman and Hill 2006) .
To assess the relative influence of tree size, neighborhood competition and environmental PCA variables on tree growth, we tested five candidate models: (i) tree size only; (ii) tree size and neighborhood competition variables; (iii) tree size and environmental variables; (iv) environmental variables and (v) the full tree size, neighborhood competition and environmental PCA variables. The Akaike Information Criterion (AIC: Burnham and Anderson 2002) was used to choose the best model. Once the model with the greatest support (lowest AIC value) was identified, the strength of association of the predictor variables was evaluated using parameter estimates and their probabilities, with the largest statistically significant parameter values (based on standardized data) judged as having the greatest relative impact on tree growth. The goodness of fit of the model (Pseudo-Rsquared) was calculated by the function "r.squaredGLMM" of the package MuMIn (Zurr et al. 2009 ). For mixed-effects models, R 2 can be categorized into two types. Marginal R 2 represents the variance explained by fixed factors and conditional R 2 is interpreted as variance explained by both fixed and random factors (Johnson 2014; Nakagawa and Schielzeth 2013) .
We merged the data at three levels. First, we conducted a community-level analysis with all individuals and species was included as a random effect. Second, we defined 'a group of species that have similar ecosystem requirements and play a similar role within a community' as a guild. Wang et al. (2010) found that distributions and interactions of species in the CBS forest varied among different tree size, abundance and shade-tolerance guilds. Therefore, the effects of different variables on tree growth were expected to differ among guilds. Then we classified all species in the plot into three guilds: (i) shade-tolerant guilds (shade-tolerant, mid-tolerant and lightdemanding); (ii) tree size guilds (1-20 cm, 20-40 cm and >40 cm DBH); and (iii) abundance guilds (very rare: 1-100, rare: 100-1000, common: 1000-5000 and very common: >5000 individuals). Finally, we performed the species-level assessment by separately analyzing each of those 18 species with >100 individuals. All calculations were carried out in the R Software (version 3.1.3; R Core Team, 2015), using the "lme4" and "MuMIn" package (Bates et al. 2016; Zurr et al. 2009 ).
RESULTS
Soil-factors PCA
We did a PCA of the eight soil variables to identify and reduce multi-collinearity and the number of variables describing any possible relation between soil factors and tree growth. The first two components produced by the PCA accounted for 86.6% of the variance in the eight soil variables (see online supplementary Table S1 ). The first axis (soil PC1) explained 63.4% of the overall variation and was associated with concentrations of total K, organic matter and total N. PCA axis 2 explained 23.2% of the overall variation, which was associated with pH and concentrations of available P and available K (soil PC2; Fig. 1 ).
Community-level analysis
The model with all factors at the community-level provided the best fit for tree growth with the lowed AIC values (Table 1) , which indicated tree size, neighborhood competition and environmental factors all had significant effects on tree growth in the temperate forest. However, low values of Pseudo R 2 (marginal R 2 : 0.09 and conditional R 2 : 0.2; Table 2) suggested that much of the variation in tree growth remained unexplained. Tree size was the most important predictor of tree growth and the effect was positive (Fig. 2) . Proportion of conspecifics and total basal area of all neighboring trees within 20 m both had negative effects on growth. In addition, we found evidence that tree growth was influenced by soil factors at the community level. Specially, the soil PC1 had a slight negative effect on tree growth, demonstrating that low concentrations of total N and organic matter could decrease the growth of trees in the CBS plot. Elevation had a slight negative effect on tree growth, while slope and aspect had no effect on the community-level tree growth. SAC also significantly affected tree growth at the community level (Fig. 2) , as shown by the lower value compared with the best model without considering SAC (see online see online supplementary Table S2 ).
Guild-level analysis
The relative importance of factors influencing tree growth varied among guilds. However, the values of Pseudo R 2 of the best fit model for each guild were also relatively low ( Table 2) . As for the shade-tolerance guilds, the best model (lowest AIC) for the shade-tolerant group and mid-tolerant group included tree size and environment factors, while the best model for the light-demanding group only included tree size. Also, tree size had the strongest positive correlation with tree growth for all three shade-tolerance groups (Fig. 3) . Tree growth of the shade-tolerant group was negatively correlated with low organic matter and total N of soil. The total basal area had negative effects and the proportion of neighboring conspecifics had a marginally negative effect on growth of trees of midtolerant group (Fig. 3) . Elevation and aspect affected growth for the shade-tolerant group. The best fit models also varied in the four abundance classes. For the very rare species, the best model only included tree size. The best model with tree size and biotic factors provided the best fit for the rare species. For the common and very common species, the best model included environmental factors and tree size. Tree size was the most important positive factor for tree growth in each of the abundance guilds. The total basal area had negative effects on the growth of the rare species (Fig. 4) . Effects of soil factors were found for the common and very common species. For example, the soil PC1 Figure 1 : the principal components analysis of the eight soil variables, om = organic matter, tn = total N, tp = total P, tk = total K, an = available N, ap = available P, ak = available K.
had a negative effect on tree growth, while the soil PC2 had a slightly positive effect on tree growth of common species. Topographic factors also contributed to tree growth for the common and very common species.
The factors influencing tree growth also varied when grouping individuals into small, medium and large size classes. For small trees (1-20 cm DBH) and large trees (DBH > 40 cm), the best models included tree size and environmental factors, whereas the best model for medium trees (20-40 cm DBH) included tree size and biotic factors. In the three size groups, tree size showed strong positive correlation with growth, especially for large and medium sized trees (Fig. 5) . Total basal area of all neighboring trees had significant negative effects on growth for the medium sized trees. Small tree growth decreased along the soil PC1 gradient with low concentrations of organic matter and total N (Fig. 5) , while large tree growth increased along the soil PC1 gradient. The soil PC2 had a slightly positive effect on the growth of small tree. Topographic factors had negative effects on tree growth for large and small size groups.
Species-level analysis
The best fit models largely differed for 18 species that were analyzed, respectively (Table 3) . Values of Conditional R 2 of the best fit models for these species differed greatly (Table 2) , ranging from 0.02 (Syringa reticulata) to 0.27 (Padus avium). SAC generally had significant effects on tree growth for each species, as indicated by the lower AIC values compared with the best models without considering the effects of SAC (see online see online supplementary Table S3 ). For 10 of 18 species, the tree size model was the best. The models including tree size and environmental factors were the best for two species. For six species, tree size and biotic factors models were the best. The relative importance of factors affecting tree growth also varied among species. The growth of 14 species was strongly correlated with tree size, for 13 species, the correlation was positive and only for one species (Corylus mandshurica), it was negative. In total, 11 of 18 species did not show effects of abiotic and biotic factors on tree growth. Among the other 7 species, 2 species were affected by environmental factors, 5 species by biotic factors. Among the biotic factors that showed effects on tree growth, total basal area of all neighbors had significant negative effects on tree growth for all species. Only one species (Acer pseudosieboldianum) showed a significant negative relationship with proportion of neighboring conspecific basal area.
DIScUSSION
Tree size effects
The estimated relationship between tree growth and size in our study varied among guilds and species (Figs. 3-5) . Moreover, when we classified all individuals into three size classes, we found tree size had a stronger positive correlation with tree growth of medium and large trees than small trees, Table 1 : ΔAIC values of the linear mixed models of tree growth at the community and guild level ΔAIC values of the best models are shown in bold.
which were consistent with the metabolic theory of ecology (Enquist 2002; Enquist et al. 1999) . The metabolic theory of ecology predicts that stem diameter growth scales with tree size by an invariant power law, based on the assumptions that trees have an efficient transport system and the photosynthetic rate correlate with the number of leaves on a tree.
Many previous studies showed similar results: in an oldgrowth temperate forest in Japan, Matsushita et al. (2015) found that there was a positive growth-size relationship. In southern New England forests, Papaik and Canham (2006) demonstrated that smaller trees suffered a greater reduction in growth from a given level of crowding than do larger trees. In tropical forests, the growth rate of species at high height tended to be higher than species at low height (MullerLandau et al. 2006; Rüger et al. 2011) . In a global analysis, Stephenson et al. (2014) also found that tree growth rate for most species increases continuously with tree size. Two reasons may explain such positive relationships between tree size and growth. First, tree height tends to be higher in large-sized trees than smaller trees. Greater tree heights generally cause increases in mean crown illumination for larger trees, which would further increase their absolute growth rates (King et al. 2006) . Second, larger species have higher intrinsic growth rates than smaller species because the former have greater photosynthetic capacity of leaves (Herault et al. 2011; Rüger and Condit 2012) .
Neighborhood competition and environment effects
The relative importance of competition and environmental factors on tree growth in forest communities has been the subject of a long-term debate. In our study, competition and environmental factors both affected tree growth of CBS, although the relative importance of them were different in different guilds. Consistent with previous research (Das et al. 2011; Lutz et al. 2014; Masaki et al. 2006) , we found both the total basal area of neighbors at CBS and the basal area of conspecific neighbors tended to have a negative effect on growth. The occurrence of neighbors may enhance the resource limitation due to the asymmetric competition between the focal and neighboring trees, thus reducing growth to different degrees, dependent on the tolerance of competition of different species (Sánchez-Gómez et al. 2008) . In a temperate forest of northeastern USA, Canham et al. (2006) found interspecific competition decreased growth rate of early-successional species and displaced them toward resource-poor sites. Multi-model analysis of tree competition along environmental gradients in southern New England forests , also showed that growth of target trees declined more steeply as the neighborhood became denser, and most species responded differently to conspecific vs. interspecific. These studies tended to support the idea of negative density-dependent effects.
Among the environmental factors tested, soil nutrients and topography contributed to patterns of tree growth in the CBS ΔAIC values of the most likely models are shown in bold.
plot. The growth of very common, small and shade-tolerant species was affected by the soil PC1indicating soil nutrients was an important limiting factor in the CBS forests. Russo et al. (2005) also showed that growth of small trees on poor tropical forest soils was lower than fine loam, while soil type had no effect on large tree growth. It should also be emphasized that the existence of SACs may be caused by the spatial correlations of variables in our model (McIntire and Fajardo 2009 ), or we may have missed some other important variables, such as the disturbance, soil moisture (Vellend et al. 2007 ).
Our study was constrained to the plot level (i.e. 25 ha) and that environmental factors were measured at the 25 m 2 scale.
The relative importance of abiotic factors may change at different spatial scales.
Variation among guilds and species
There were differences among guilds related to the effects of different factors on growth in the CBS temperate forest. Individuals in the three shade-tolerances differed strongly in their growth responses. Growth of trees in the shade-tolerant guild was limited by abiotic factors, while mid-tolerant and light-demanding species were affected by neighbor competition. This may because mid-tolerant and light-demanding species are more sensitive to shading, thus their patterns of growth are primarily driven by competition for light. These guilds are also more sensitive to host-specific natural enemies (McCarthy-Neumann and Kobe 2008); therefore, they are more influenced by local neighborhood competition. Among the abundance classes, environmental factors only significantly affected tree growth of the common and very common species. Similar results were also found for tree survival in the CBS forest where the environmental factors have no significant effects on the survival of rare species ). Significant effects of environmental variables only for the common and very common abundance classes reflected that more common species are more strongly impacted by variation in soils and topography than less common species. However, we should emphasize that our power to detect significant effects of environmental factors on rare species would be reduced because of the small sample size relative to the common and very common species. In addition, we found that rare species suffer stronger negative effect of neighbors than the common and very common species, which was consistent with previous studies in other forests (Comita et al. 2010; Johnson et al. 2012) . These relationships might be driven by shade tolerance, because many rare species were also light-demanding species which were strongly affected by biotic neighbors in the CBS plot.
Three ranges of tree sizes differed strongly in their growth. Small tree growth was more strongly influenced by variation in environmental factors than larger trees. According to previous research, small trees tended to be more susceptible to local environmental conditions than larger trees (Russo et al. 2005) . Therefore, small trees in suboptimal habitats would be expected grow more slowly, but survive to become larger trees in their preferred habitat. This was consistent with the idea that habitat filtering at smaller size classes resulted in adult tree habitat associations (Comita and Engelbrecht 2009) . Moreover, large trees could change local soil nutrients, through decades of feedback by plant litter leaching and decomposition, as well as associations with micro-organisms (Ehrenfeld et al. 2005) .
Species within the same guild have long been expected to have similar responses to biotic and environmental factors. However, our results contrasted with the expectation.
For example, among these shade-tolerant Acer species (Acer mono, Acer pseudo-sieboldianum and Acer triflorum), the relative importance of size, neighborhood competition and environmental factors varied wildly. Acer mono had a strong relationship between growth and environmental factors. Total neighbor basal area had a negative effect on growth of Acer pseudo-sieboldianum, but frequency of neighboring conspecifics had negligible effects on growth of Acer pseudosieboldianum. Acer triflorum showed no clear relationship with tree size. Some previous studies also showed similar results. For instance, Sánchez-Gómez et al. (2008) found in central Spain Pinus pinaster grew faster than another species within the same genus P. sylvestris. Such difference among species even within the same genus may result from strong variation in characteristics that influenced growth patterns, such as successional traits and canopy stature. For example, early-successional species generally grow faster than late-successional species because of their greater growth response to irradiance and stronger photosynthetic plasticity (Koziol and Bever 2015) . Canopy species tend to grow faster than understory species due to higher levels of crown illumination (Koziol and Bever 2015; Poorter et al. 2005) .
Management implications for development of sustainable forestry
The broad-leaved Korean pine mixed forest is the dominant vegetation type in northeast China. Thus, our results in the old-growth broad-leaved Korean mixed forest plot could have important implications for development of sustainable forestry in this region. For example, our results showed that tree size showed strong positive correlation with growth, especially for larger size groups, which indicated larger trees grew faster than younger trees. Thus, besides serving as huge carbon reservoirs, large trees could accumulate tremendous amounts of carbon. Considering that most of the broad-leaved Korean mixed forests in northeast China were in the early and intermediate successional stages, these forests in future would have huge potential to fix carbon and mitigate regional climate change. Thus, it is crucial to prevent these forests from large-scale human disturbances.
In addition, modern mixed-species silviculture presents a host of new scientific challenges that require us to improve our understanding of how tree growth varies among species across a wide range of stand structure, community composition and environmental conditions. Our study reveals important variation in neighborhood competition among species in our forest, and different species of neighbors have observably different competitive effects. Thus, there may be a great advantage of managing for particular mixtures of species with a given neighborhood, and predictive models and management decisions should be designed with consideration of the variation in the relative importance of variables driving patterns of growth.
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